ncreasing evidence indicates that regulators of the cell cycle including cyclins, cyclin-dependent kinases (Cdks), and Cdk inhibitors either are themselves targets for genetic modification in cancer or are disrupted secondarily by other oncogenic events (1). This evidence has been obtained from studies in human patients or cultured cell lines (2-4) and from the characterization of mouse models carrying genetic alterations in the genes encoding these cell cycle regulators (5, 6). Among them, the INK4a locus, encoding p16
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ncreasing evidence indicates that regulators of the cell cycle including cyclins, cyclin-dependent kinases (Cdks), and Cdk inhibitors either are themselves targets for genetic modification in cancer or are disrupted secondarily by other oncogenic events (1) . This evidence has been obtained from studies in human patients or cultured cell lines (2) (3) (4) and from the characterization of mouse models carrying genetic alterations in the genes encoding these cell cycle regulators (5, 6) . Among them, the INK4a locus, encoding p16
INK4a
, was identified initially in a screening for melanoma suppressor regions (7) , and its alteration is among the most frequent genetic changes found in human tumors (4) . Subsequent studies revealed that this locus encodes two different tumor suppressor proteins, p16
and p19 ARF (8, 9) . p16
INK4a is a member of the INK4 family of Cdk4͞6 kinase inhibitors that regulate the retinoblastoma protein suppressor pathway (1) . In contrast, p19 ARF acts on the p53 pathway (1, 10) . The fact that tumor-associated mutations frequently affect both INK4a-encoded suppressor proteins as well as the adjacent and highly related INK4b locus, encoding p15
INK4b
, has led to controversial issues regarding the role of these tumor suppressor pathways in melanoma development (11, 12) .
INK4 proteins inhibit complexes formed by the cell cycle kinases Cdk4 and Cdk6 and the D-type cyclins. When active, these complexes phosphorylate the retinoblastoma protein, thereby helping to cancel its growth-repressive functions. Retinoblastoma protein inactivation by Cdks enables E2F proteins to function as transcriptional activators triggering progression of the cell cycle toward the synthesis of DNA (1) . Both tumorassociated alterations, cyclin D overexpression and INK4 inactivation, therefore result in Cdk4͞6 up-regulation. Cdk4 and Cdk6 also are overexpressed themselves in some human tumors such as sarcomas or leukemias because of amplification or translocation of their respective loci (13, 14) . In addition, a specific point mutation in the Cdk4 gene itself has been found in melanoma patients. This point mutation, resulting in the substitution R24C, was found initially in human patients with spontaneous melanoma (15) and was confirmed later in human familiar melanoma (16) . Arg-24 is involved in binding to INK4 inhibitors, and biochemical analysis of this interaction showed that the Cdk4 R24C mutant is not able to bind p16 INK4a (15) . The Cdk4 R24C mutation therefore is presumed to be functionally similar to inactivation of all members of the INK4 family, p16
INK4a
, p15
INK4b
, p18
INK4c
, and p19
INK4d
, all of which (except for p19
) have been implicated in tumor development (4, 6) . To investigate the contribution of this mutation and the consequential lack of response to INK4 inhibitors to tumor development, we have generated knock-in mice carrying a Cdk4 R24C allele (17) . Expression of this mutant allele does not cause major developmental defects in the knock-in mice. Cdk4 R24C mice are, however, 5-20% larger than wild-type controls and develop hyperplasia in some of the endocrine cells such as pancreatic ␤ cells and Leydig cells (17) . In addition, Cdk4 R24C mice develop a wide spectrum of tumors within a year (18) . However, we have not observed the appearance of spontaneous melanoma even after 18 months of age, when most mutant mice are dead because of other tumors. To analyze the involvement of the Cdk4͞INK4 regulatory pathway in melanoma we have subjected Cdk4-and INK4-targeted mice to specific carcinogenic treatments. Here we report that Cdk4 R24C mice are highly susceptible to develop melanoma after carcinogenic insults. In addition, a lack of p18
INK4c
confers proliferative advantages to melanocytes, whereas deficiency in p15
INK4b
seems not to affect melanocyte proliferation or transformation in vivo.
Materials and Methods
Mice and Carcinogenic Treatment. Knock-in mice carrying the Cdk4 R24C allele (17) were maintained in a mixed 129͞SvJ ϫ CD-1 background. Mice carrying the mutant allele in heterozygosity (Cdk4 ϩ͞R24C ) or homozygosity (Cdk4 R24C͞R24C ) were used in this study. p15
INK4b or p18 INK4c null mice (19) as well as INK4a⌬2,3 mutants (20) were maintained in a pure C57BL͞6J genetic background. The corresponding 129͞SvJ ϫ CD-1 or C57BL͞6J control mice were used in all the assays. Seven-day-old mice were painted with a single dose of 0.5 mg of 7,12-dimethylbenz[a]anthracene (DMBA). Two weeks later, tumor growth was promoted by treating with 5 g of 12-O-tetradecanoylphorbol-13-acetate (TPA) three times a week for 12 weeks. Mice were shaved before each treatment to allow a better distribution of the chemicals. Animals were observed on a daily basis, and the size and characteristics of the skin lesions were annotated. Tumors were measured weekly in two bisecting diameters by using a caliper. Most mice developed multiple lesions. The position and The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
number of each tumor were recorded, and each lesion was followed individually. Tumor incidence is expressed in the text as the percentage of animals with one or more tumors. promoters were analyzed by Southern blot hybridization as described previously (21, 22) . Amplification of Myc was determined by Southern blot hybridization with a probe specific for the murine gene. p53 mutations were analyzed by amplification of exons 4-9 and direct sequencing (18) . The presence of mutations in codons 12, 13, and 61 of the H-ras, K-ras, and N-ras genes was analyzed by a PCR-restriction fragment length polymorphism strategy as described (23) . Activation of Erk proteins was measured by immunological detection of protein lysates with the anti-active MAPK antibody (Promega) that specifically recognizes the dually phosphorylated forms of Erk1 and Erk2. The level of phosphorylated Erk was compared with the total amount of Erk proteins detected with an antibody (Santa Cruz Biotechnology, clone C-16) that recognizes the phosphorylated and nonphosphorylated forms of Erk1. Cell proliferation was quantified in paraffin sections by using a polyclonal antibody against the Ki67 antigen (NovoCastra, Newcastle, U.K.). Expression of p53, p21
Cip1
, and p16
INK4a
was detected by Western blot or immunohistochemistry using antibodies from NovoCastra (p53, clone CM5) and Santa Cruz Biotechnology (p21 Cip1 , clone C-19, and p16
, clone M-156). The neuroectodermic origin of melanomas was determined by immunostaining with antibodies against the S100 antigen (Dako).
Results and Discussion
Susceptibility to Melanoma of Cdk4 R24C Mice. Cdk4 R24C͞R24C mice do not develop visible melanocytic tumors spontaneously (18) . To determine whether Cdk4 R24C͞R24C mice harbor abnormal melanocytes indicative of preneoplastic stages, we measured the abundance of these cells in the skin of adult mice (14 months), a time when tumors are developing readily in other tissues (18) . Whereas wild-type mice had 3.6 Ϯ 1.3 melanocytes (cells positive for S100 staining) per high power field (ϫ40), Cdk4 R24C͞R24C mice had 3.9 Ϯ 2.3, thus indicating that melanocytes do not hyperproliferate in these mutant mice. Accordingly, no significant differences were observed when cells were stained with antibodies against Ki67, because most melanocytes are not dividing either in wild-type or Cdk4 R24C͞R24C mice (data not shown).
To examine whether the Cdk4 R24C mutation may predispose these mutant mice to melanoma, we used the classical DMBA ϩ TPA two-stage carcinogenic protocol, a treatment known to induce the rapid development of skin papillomas. These tumors are hyperplastic, well differentiated, benign lesions that presumably originate from a single initiated cell. When compared with wild-type littermates, Cdk4 R24C mice develop larger papillomas that frequently progress to skin-invasive carcinomas with shorter latency (Fig. 1 ). For example, by 23 weeks of age, 15% of Cdk4 R24C͞R24C mice develop squamous cell carcinomas, whereas no carcinomas are found in wild-type littermates by that age. In addition to skin papillomas, DMBA ϩ TPA treatment also induces the appearance of a few small nevi in the skin of wild-type mice. However, these nevi do not progress to malignant melanoma. In contrast, Cdk4 R24C mice insulted with the same DMBA ϩ TPA carcinogenic treatment develop a high number of nevi that rapidly grow in size, leading to the formation of tumors of more than 60 mm 2 by 20 weeks of age (Fig. 1) . These lesions are usually dark and have a radial phase of growth, from which they often spread to neighbor papillomas. After the initial radial phase, these dark lesions show a vertical phase of growth frequently accompanied with necrotic images in the center of the lesion (Fig. 1 ). Alternative treatments with DMBA plus UVB light resulted in the development of similar tumors, albeit with reduced efficiency (data not shown). DMBA treatment alone also resulted in the appearance of nevi in the skin of Cdk4 R24C͞R24C mice. However, these lesions do not progress (Fig. 2 a and b) . Pathological examination of the skin lesions confirmed the presence of melanomas in 70% of treated Cdk4 R24C͞R24C mice. Cdk4 R24C͞R24C animals that do not develop melanomas usually die earlier in the treatment because of the development of lymphomas (20% of cases) or other pathologies. Lymphoma was found also in treated wildtype littermates with an incidence of 13%, thus suggesting that development of this tumor type is not influenced significantly by the Cdk4 R24C mutation.
The small nevi observed in Cdk4 R24C mice are typically 1-3 mm in diameter and are localized dermal lesions composed of heavily pigmented melanocytes admixed with numerous large polyhedral macrophages fully loaded with melanin (Fig. 2) . After a few weeks, cell density increases because the appearance of groups of spindle-shaped epithelioid cells closely packed with a minor load of cytoplasmic melanin or even amelanotic cells. These nevic cells show occasional large atypical nuclei, but mitotic figures are uncommon. In the more advanced melanomas, the tumor is highly cellular, composed mainly of proliferating atypical melanocytes frequently spindle-shaped with low or no load of melanin (Fig. 2) . Mitotic figures and areas of necrosis can be found easily. In these cases, melanocyte proliferation is usually invasive to neighbor tissues with infiltrating margins. The neuroectodermal origin of the melanomas was confirmed by positive immunological staining for the S100 antigen (Fig. 2) . The highly melanotic nature of these multiple tumors makes them highly reminiscent of human familial atypical mole melanoma syndrome. Moreover, as observed in human melanomas, the ratio of melanotic cells decreases in the more advanced malignancies, because active proliferation and melanocyte dedifferentiation often results in decreased production of melanin. After necropsy, the draining and regional lymph nodes were found commonly to be enlarged and pigmented. However, we have been unable to detect melanocytic metastases in distal organs. Thus, it is possible that melanomas in Cdk4 R24C mice, albeit invasive to neighboring tissues, may not have distal metastatic potential. Alternatively, the early death of these mice, likely caused by the concomitant development of sarcomas and carcinomas (data not shown), may prevent distal progression of the invasive melanoma cells. To overcome this problem, we currently are obtaining mice that express the Cdk4 R24C knock-in allele specifically in melanocytes.
Cooperative Alterations in Melanocytic Lesions of Cdk4 R24C Mice.
The development of melanoma in Cdk4 R24C mice provides an opportunity to assess whether a loss of the INK4a locus is essential for melanoma genesis in mice. Southern blot analysis of Cdk4 R24C mouse melanomas failed to detect deletion, rearrangement, or promoter methylation in p16
INK4a
INK4b
ARF

genes. Similarly, immunological analysis of p16
INK4a expression showed positive staining in all tumors analyzed, suggesting that loss of this inhibitor is not needed for melanoma development in Cdk4 R24C mice (Fig. 3) . The presence of p19 ARF in these tumors suggests that alteration of the p53 pathway is not needed for induction and͞or progression of these melanomas. Although we did not find any mutations in the p53 locus (exons 4-9) in these tumors, we examined the expression pattern of p53 as well as of one of its main targets, p21
Cip1
. As illustrated in Fig. 3 , immunohistochemistry analysis showed a normal pattern of expression for p53 and p21
. These observations correlate well with the low incidence of p53 alterations in primary or metastatic human melanomas (24) .
We have searched for other genetic alterations that could cooperate with the Cdk4 R24C mutation in inducing invasive melanoma. Among other molecular markers frequently involved in melanoma development, we observed the presence of Ras Fig. 4 . Development of papillomas and melanocytic lesions in INK4-deficient mice. The average number of skin lesions per mouse is represented, and the same conventions described for Fig. 1 are maintained. The following genotypes were analyzed: wild type (n ϭ 9), p15 INK4b null (p15 INK4b KO, n ϭ 8), and p18 INK4c null (p18 INK4c KO, n ϭ15). INK4a-ARF null mice (n ϭ14) were treated also, but these animals died before 12 weeks without obvious skin lesions and are not represented in the figure. mutations (CAA͞CTA and CAA͞AAA transversions in codon 61 of H-ras and N-ras, respectively) in 2 of 20 melanomas (10% incidence) analyzed for mutations in codons 12, 13, or 61 of the H-ras, K-ras, and N-ras genes. In contrast, we observed a 70% incidence of the same CAA͞CTA transversion in codon 61 of H-ras in papillomas of both wild-type and Cdk4 mutant mice, a frequency described often for this carcinogenic protocol. The point mutation observed in the N-ras allele has not been linked previously to the DMBA ϩ TPA treatment. However, it corresponds to the Ras mutation found most frequently in human melanoma. Analysis of the level of Erk activation using phosphorylated-specific antibodies revealed additional samples with increased Erk phosphorylation (2 of 6 tumors), suggesting that the Ras͞Raf͞Mek͞Erk pathway could be altered by mechanisms that do not involve mutations in ras loci.
Although Myc amplification is a commonly found alteration in melanoma development, we have not observed c-Myc amplification in a panel of 12 Cdk4 R24C melanomas. These results contrast with those obtained in Ras-induced melanomas in p53 mutant mice, in which Myc amplification is observed in Ϸ50% of samples (25) . We currently are pursuing the analysis of other candidate molecules in the p53 tumor suppressor pathway such as Apaf-1, recently implicated in the induction of apoptosis in melanoma cells and in their response to chemotherapy (26) . (4, 7, 11, 24) . However, these results do not rule out that other INK4 inhibitors also might contribute to melanoma development. To address this question, we applied the same DMBA ϩ TPA carcinogenic treatment to mice deficient in p15 (20) , were used also. However, DMBA ϩ TPA treatment of INK4a⌬2,3 mice resulted in increased susceptibility to lymphoma, and all treated animals died by 10-12 weeks of age (data not shown). Because of their early death, no skin lesions could be evaluated in these mice. The p15 INK4b tumor suppressor gene maps very closely to the INK4a-ARF locus, and in fact 80% of deletions of the INK4a locus also affect p15 INK4b sequences (4, 7) . When insulted with the DMBA ϩ TPA protocol, p15 INK4b null mice do not show increased susceptibility to papilloma or melanoma development (Fig. 4) . In contrast, p18 INK4c -deficient mice submitted to the same carcinogenic treatment displayed an increased number of melanocytic lesions that reach larger size than wild-type control mice. Twenty percent of these lesions could be classified as early stage melanomas based on histological characteristics. In general, these tumors were similar to those observed in Cdk4 R24C but with a less aggressive phenotype and slower growth rate (Fig. 5) . These results do not seem to be caused by an overall tumor susceptibility, because p18 INK4c -deficient mice do not show increased numbers of papillomas after DMBA ϩ TPA treatment (Fig. 4) . Most treated p18 INK4c null mice died by 50 weeks of age, mainly of lymphomas (70% incidence) and sarcomas (17% incidence). These malignancies correspond to tumor types known to develop spontaneously in p18 INK4c null mice albeit with longer latency (19) . The early death of these mice prevented us from studying the putative progression of these melanocytic lesions into more aggressive or metastatic tumors.
Conclusions
The different levels of melanoma susceptibility in Cdk4 R24C͞R24C and p18
INK4b
null mice (Figs. 1 and 4) suggest that other members of the INK4 family also must play a role in preventing melanoma development. As illustrated in this (Fig. 4) and a previous study (19) , a loss of p15 INK4b , which frequently occurs in human melanoma as a consequence of deletions that target the INK4a locus, does not contribute to melanoma. Likewise, a loss of p19 INK4d , the fourth member of the INK4 family, does not result in tumor development (27) . Therefore, it is likely that, as illustrated previously in human tumors, p16 INK4a plays an important role in preventing melanoma in mice.
While this article was being revised, the phenotype of p16 INK4a null mice that retain p19 ARF expression has been published (28, 29) . These mice show very low susceptibility to spontaneous tumor development including a single melanoma in 39 p16 INK4aϪ͞Ϫ mice (29) . DMBA treatment of p16
INK4a
null mice results in a low incidence of melanocytic tumors (7% in ref. 29) . Thus, it would be interesting to determine whether melanoma development in Cdk4 R24C mice is mediated only by a lack of p16 INK4a activity or whether there is partial compensation by other members of the INK4 family. Our observations indicating that p18 INK4c null mice have a certain predisposition to melanoma development makes this protein a likely candidate to play a role in suppressing melanoma. Heterozygosity of p19 ARF considerably increases melanoma incidence in p16 INK4a mutant mice (28) . Cdk4 R24C mice carrying either homozygous or heterozygous deletion of the p53 locus do not develop melanomas spontaneously (18) . Whether this result is because of the short lifespan of these animals (3.3 months for Cdk4 R24C͞R24C 18 and this study) . Thus, DMBA ϩ TPA treatment must contribute to the generation of additional mutations that cooperate with Cdk4 R24C in eliciting melanoma. This carcinogenic protocol is known to induce the frequent activation of H-ras oncogenes in skin tumors (30) . Yet in melanocytes, ras loci do not seem to be frequent targets of DMBA. Thus, it will be very important to determine the full spectrum of these DMBA ϩ TPA-induced mutations for both initiation as well as progression of the melanocytic tumors observed in these animals. In any event, Cdk4 R24C knock-in mice should provide an excellent model system to study the molecular biology of melanoma progression. Moreover, these mice should be of value to those interested in the development of melanoma vaccine protocols and in evaluating the activity of cell cycle inhibitors, two of the most promising venues for the discovery of novel antitumor agents. 
